Mitochondrial DNA is thought to be especially prone to oxidative damage by reactive oxygen species generated through electron transport during cellular respiration. This damage is mitigated primarily by the base excision repair (BER) pathway, one of the few DNA repair pathways with confirmed activity on mitochondrial DNA. Through genetic epistasis analysis of the yeast Saccharomyces cerevisiae, we examined the genetic interaction between each of the BER proteins previously shown to localize to the mitochondria. In addition, we describe a series of genetic interactions between BER components and the MutS homolog MSH1, a respiration-essential gene. We show that, in addition to their variable effects on mitochondrial function, mutant msh1 alleles conferring partial function interact genetically at different points in mitochondrial BER. In addition to this separation of function, we also found that the role of Msh1p in BER is unlikely to be involved in the avoidance of large-scale deletions and rearrangements.
D EPLETION of mitochondrial function has been
implicated in the human aging process as well as in several inherited and aging-related disorders (Wallace 2005; Weissman et al. 2007) . Much of this dysfunction may be attributed to mitochondrial genome instability, as the respiratory capacity of the mitochondria is dependent on an intact genome. Since respiration is essential for the survival of eukaryotic obligate aerobes, the facultative anaerobe Saccharomyces cerevisiae is an ideal model system for mitochondrial studies. Despite the difference in size between the mitochondrial genomes of yeast and humans, the encoded components are required for the same process, cellular energy production . Therefore, studying how S. cerevisiae maintain mitochondrial DNA (mtDNA) could lend valuable insight into mitochondrial genome maintenance in higher eukaryotes (Perocchi et al. 2008) .
The necessary process of electron transport during respiration can cause damage to proteins, lipids, and nucleic acids through the formation of reactive oxygen species (ROS) (Longo et al. 1996) . Because mtDNA exists in this harsh environment, it is thought that it is especially prone to oxidative damage (Bohr 2002) . Damaged bases can be mutagenic by misincorporation opposite the damage by the replicative polymerase or by translesion synthesis beyond the damaged base. Therefore, the repair of oxidative lesions is essential for the stability of the mitochondrial genome.
An important mechanism for repair of oxidative DNA damage is the base excision repair (BER) pathway (Croteau and Bohr 1997; Nilsen and Krokan 2001; Bohr 2002 ). This pathway is well studied in the nucleus of many organisms, and isoforms of several key components have been shown to localize to the mitochondrial compartment (Rosenquist et al. 1997; You et al. 1999; Vongsamphanh et al. 2001) . However, despite their extensive nuclear and biochemical characterization, the role of these isoforms in the repair of mtDNA is poorly understood.
BER is initiated when an N-glycosylase recognizes a damaged base and cleaves the glycosidic bond between it and the sugar-phosphate backbone, creating an apurinic/apyrimidinic (AP) site that can be repaired by one of two BER pathways. In short patch BER, the AP site is processed by an AP endonuclease on the 59 side of the damaged base and by the AP lyase activity of a glycosylase, or polymerase b, on the 39 side of the damage, to create a single-strand gap (Wilson et al. 1998 ). This gap is filled by a DNA polymerase and then ligated to complete the repair. In the alternative method of long-patch BER, the DNA is again cleaved by an AP endonuclease to generate an available 39-end for synthesis by a DNA polymerase at the nick, displacing the existing sequence containing the abasic site and creating a 59 flap. This flap is cleaved by a flap endonuclease, and the resulting nick is sealed by DNA ligase, completing the repair. Biochemical studies suggest that both short-patch and long-patch pathways are active in mitochondria (Akbari et al. 2008; Liu et al. 2008; Szczesny et al. 2008). 1 In this study, we examine the mitochondrial roles of Apn1p, Ntg1p, and Ogg1p, three well-studied BER components. The N-glycosylase Ogg1p is important for the repair of oxidatively damaged DNA, and studies of ogg1-D strains have found an increase in point mutations in both nuclear and mitochondrial DNA (Thomas et al. 1997; Singh et al. 2001) . In yeast, it was previously demonstrated that a deletion of the N-glycosylase NTG1, or the AP endonuclease APN1, leads to a decrease in mitochondrial mutations as measured by rates of erythromycin resistance, suggesting that the actions of Ntg1p and Apn1p create mutagenic intermediates in mtDNA during repair (Phadnis et al. 2006) . This stands in contrast to the increases seen for nuclear DNA mutation rates in the presence of these deletion alleles, indicating that it is not always possible to extrapolate the mitochondrial function of BER proteins on the basis of their nuclear functions, thus making mitochondrial-specific studies necessary (Ramotar et al. 1991 (Ramotar et al. , 1993 Alseth et al. 1999; Bennett 1999 ). In addition, there are likely to be mitochondrialspecific players in the pathway. Here we show that the mismatch repair homolog Msh1p plays multiple roles in mitochondrial BER.
Msh1p is the only one of six yeast homologs of MutS, the bacterial mismatch repair protein, which has been found localized to the mitochondria (Reenan and Kolodner 1992; Chi and Kolodner 1994) . Msh1p is essential for mitochondrial function and maintenance of mtDNA, necessitating the use of partial function mutants to study the role of Msh1p in mtDNA maintenance (Mookerjee et al. 2005) . Although the effects of its disruption have been examined in multiple studies, the mechanism by which Msh1p acts to carry out its essential functions remains unclear (Reenan and Kolodner 1992; Koprowski et al. 2002; Mookerjee et al. 2005; Mookerjee and Sia 2006) . Its role as a mitochondrial mismatch repair protein has been disputed, particularly since there are no other mismatch repair proteins that localize to the mitochondria. However, since mtDNA has such a high potential requirement for BER, it is possible that this pathway in the mitochondria may utilize Msh1p. Previous studies have shown genetic interactions between Msh1p and the BER proteins Ogg1p, Apn1p, and Ntg1p (Dzierzbicki et al. 2004; Kaniak et al. 2009 ). Using msh1 alleles disrupted in conserved DNA binding and ATPase domains, we have examined the frequency and spectrum of mutations responsible for the different mutation rates seen with each allele.
MATERIALS AND METHODS
Strains and media: Rich dextrose medium (YPD) contains 1% yeast extract, 2% Bacto peptone, and 2% dextrose. Rich glycerol medium (YPG) contains 1% yeast extract, 2% Bacto peptone, and 2% glycerol. YPD geneticin medium is YPD supplemented with 200 mg/liter geneticin (Invitrogen). YG erythromycin medium contains 1% yeast extract and 2% glycerol supplemented with 50 mm sodium phosphate buffer (pH 6.5) and 4 g/liter of erythromycin (MP Biomedicals). Synthetic dextrose media contain 0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% dextrose, and necessary amino acids. Synthetic glycerol (SGly) media contain 0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glycerol, and necessary amino acids.
All S. cerevisiae strains used in this study are isogenic to the D273-10B-derived DFS188 strain (MATa ura3-52 leu2-3, 112 lys2 his3 arg8ThisG; r 1 ) (Sia et al. 2000) (Table 1) . Primers located $200 bp upstream and downstream of the gene of interest were used to amplify the kanMX cassette from the S. cerevisiae deletion collection (Open Biosystems). The ogg1-D strain was created using primers 59-AGGCATTTGAAGCGTCCTGATT CATAATTGCGATTTTTATTTATCAACCAGCAGATTCTAAC TGAGAGTGCACC-39 and 59-CGCCTTTTCGGTCGCGTGCT TTTATC GTGGTATTTACTATGACTTTTTAACCTGTGCGG TATTTTCACACCGC-39 to amplify the HIS3 gene from the pRS413 plasmid (Stratagene, La Jolla, CA). Because msh1 mutant strains are difficult to manipulate while maintaining respiratory competence, multiple methods of strain construction were utilized. Strains containing multiple deletions of BER genes or deletion of a BER gene in an msh1 mutant background were constructed by mating otherwise isogenic single mutants of opposite mating type and then sporulating and dissecting the resulting diploid strains. The strains msh1-F105A ntg1-D, msh1-R813W apn1-D, and msh1-R813W ntg1-D were constructed by deleting APN1 or NTG1 in the appropriate msh1 mutant background. The resulting strains were nonrespiring, so functional mtDNA was reintroduced by cytoduction. Briefly, the cells were mated with NPY3 (DFS160 r 1 ), which contains a kar1-1 mutation preventing nuclear fusion, and haploid respiring cytoductants with the DFS188 nuclear background were screened for a Lys À and respiration-proficient phenotype. To construct the msh1-F105A ogg1-D strain, the msh1-F105A strain was transformed with the Ura-selectable pRS416-MSH1 plasmid (Mookerjee et al. 2005) to maintain a wild-type copy of Msh1p. The resulting strain was mated to DFS188 ogg1-D, dissected to isolate the double mutant, and then grown on 5-FOA to select for loss of the plasmid. The resulting strain was nonrespiring and was cytoduced with wild-type mtDNA as described above.
For construction of the msh1-G776D 1 pRK2 and msh1-G776D 1 pRK2 APN1 strains, YSM84 was transformed with the appropriate plasmid. The resulting strains were nonrespiring, so functional mtDNA was reintroduced by cytoduction as described above.
Mitochondrial point mutation rates: Point mutation rates (mutations/cell division) were estimated by performing fluctuation analysis using spontaneous resistance to the drug erythromycin (Ery R ) as a reporter. Independent colonies were isolated on YPG plates and grown at 30°for 3 days. Twenty independent colonies were used to inoculate 5 ml each of YPG, which were grown at 30°with agitation for 2 days. For the Apn1p overexpression studies, independent colonies were isolated on SGly-Leu media, and singles were used to inoculate SGly-Leu media and grown for 3 days. Appropriate dilutions were plated on YPG, allowing growth of all respiring cells in a culture and YG plates supplemented with 4 g/liter erythromycin to select Ery R colonies. Plates were incubated at 30°for 7 days. Rates of erythromycin resistance per cell division were determined using the method of the median (Lea and Coulson 1949) . Each rate was determined from at least two independent assays.
Determining the mutational spectra: The spectra of mutations causing erythromycin resistance were determined in mutant strains by amplifying the region of the 21S rRNA gene previously shown to give rise to Ery R strains from independently derived Ery R colonies (Sor and Fukuhara 1982) . This region, which is located at 1900-2000 on the mitochondrial genome, was amplified using primers 59-GGTAAATAG-CAGCCTTATTATG-39 and 59-CGATCTATCTAA TTACAGTAAAGC-39. The amplified product was sequenced at the Cornell University sequencing facility.
Respiration loss assay: To determine the proportion of nonrespiring cells in each strain, cultures were grown overnight in YPG medium and colonies were isolated on YPG plates. Ten to 20 independent YPD cultures were inoculated with a single colony each and grown overnight, and appropriate dilutions were plated on YPG 1 0.1% dextrose medium. All tests were performed in duplicate, and the average median values were used for analysis.
Statistical analysis: Fluctuation analyses were performed two or more times. Statistical analysis was performed using Instat 3 for Macintosh (GraphPad Software, San Diego). Error is represented as 6SEM. Two-tailed P-values were calculated using unpaired t-tests to compare average rates and frequencies. Mutational spectra were compared by chi-square analysis.
RESULTS
Differential functions of BER on mitochondrial and nuclear DNA: In the nucleus, various effects have been reported for deletion of NTG1 and APN1. Deletion of APN1 has been reported to increase nuclear mutation rates 2-to 12-fold, and reported effects of NTG1 deletion range from insignificant to 40-fold over wild-type levels (Ramotar et al. 1991 (Ramotar et al. , 1993 Bennett 1999; Hanna et al. 2004; Doudican et al. 2005) . To determine how mtDNA is affected by these deletions, we assayed for spontaneous resistance to Ery R . In agreement with previously published findings (Phadnis et al. 2006) , we found that the mitochondrial point mutation rates in the ntg1-D strain (0.13 3 10 À7 mutations/cell division) and the apn1-D strain (0.41 3 10 À7 mutations/cell division) were significantly lower than the wild-type rate of 1.2 3 10 À7 mutations/cell division (P , 0.001 in both cases) ( Table  2 ). These findings suggest that the context in which these BER enzymes function in the mitochondria may be substantially different from that in the nucleus, despite identical biochemistry. Furthermore, we show that the rates of mitochondrial point mutations in an apn1-D ntg1-D strain (0.75 3 10 À7 mutations/cell division) are not significantly different from rates of mutation in a strain containing a deletion of APN1 or NTG1 alone (P ¼ 0.25 and 0.18, respectively), which is consistent with their action in a single genetic pathway for prevention of Ery R mutations. In contrast to the decreased rates in apn1-D and ntg1-D, we show that deletion of OGG1 causes a significant, almost 5-fold increase in mitochondrial point mutations (4.9 3 10 À7 mutations/cell division P ¼ 0.025), which is consistent with previous results (Singh et al. 2001) . Additional deletion of APN1 or NTG1 in an ogg1-D strain increases the median point mutation rate by 16-and 8.2-fold relative to the rate of apn1-D and ntg1-D strains , the apn1-D ntg1-D ogg1-D strain is not significantly different from either the apn1-D ogg1-D or the ntg1-D ogg1-D strain (P ¼ 0.33 and 0.62, respectively). In contrast to their effects on mitochondrial point mutations, we have found that deletion of APN1, NTG1, or OGG1 does not significantly affect the frequency of respiration loss as compared to the wild-type strain (P ¼ 0.40, 0.60, and 0.37, respectively) ( Table 3) .
The difference between mitochondrial and nuclear phenotypes conferred by disruption of the BER pathway suggests a role for unique mitochondrial components. As demonstrated by epistasis analysis, we reveal specific interactions between MSH1 and the BER genes using mitochondrial point mutation accumulation as an output parameter, consistent with a role for Msh1p in BER (Table 2) . Moreover, these genetic relationships are dependent on defined mutations to the conserved functional domains of MSH1, suggesting that specific activities of Msh1p contribute differently to BER as described below.
DNA binding by Msh1p occurs early in mitochondrial BER: Mutation at a conserved phenylalanine residue within the MutS homolog mismatch recognition domain disrupts both the mismatch recognition and the DNA-binding capacities of MutS homologs (Bowers et al. 1999; Dufner et al. 2000; Yamamoto et al. 2000; Drotschmann et al. 2001; Schofield et al. 2001) . In MSH1, we find that this mutation, msh1-F105A, confers a point mutation rate of 6.3 3 10 À7 mutations/ cell division, about fivefold over wild type (P , 0.001). This relatively mild defect is contrasted by a respiration competence that is only 10% of the wild-type strain (Tables 2 and 3 ). The levels of Msh1p-F105A are comparable to steady-state levels of Msh1p, demonstrating that the associated phenotypes are specific to disruption of the DNA-binding domain (Mookerjee et al. 2005) . Additional deletion of OGG1 does not significantly alter the mitochondrial point mutation phenotype (P ¼ 0.08), consistent with Msh1p-binding activity functioning upstream of Ogg1p. This finding suggests that Msh1p may bind to damaged bases or mismatches and interact with or even preferentially bind particular downstream components of BER. 
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In contrast to the interaction observed with the OGG1 deletion, msh1-F105A, in conjunction with the APN1 or NTG1 deletion, synergistically increases point mutation accumulation over levels observed with msh1-F105A alone (25 3 10 À7 and 29 3 10 À7 mutations/cell division; P , 0.001 and P ¼ 0.026, respectively), suggesting that the repair steps following Msh1p binding are at least partially independent of pathways involving Apn1p and Ntg1p. Unlike point mutation rates, deletion of APN1, NTG1, or OGG1 does not alter the respiration loss seen in the msh1-F105A strain, indicating that the mutator phenotype conferred by the msh1-F105A allele is specifically due to a defect in BER, while respiration loss occurs through gross instability that is likely a separate feature of MSH1 disruption (Table 3) .
ATP-bound Msh1p functions in downstream BER events: The msh1-G776D substitution within the conserved ATPase domain is analogous to mutations that disrupt the ability of MutS homologs to bind ATP (Alani et al. 1997; Studamire et al. 1998) . The steadystate levels of Msh1p-G776D are comparable to levels of Msh1p, demonstrating that the associated phenotypes do not result from altered protein stability (Mookerjee et al. 2005) . It is the most deleterious of the three mutations studied here, conferring a 27-fold increase in point mutation rates relative to wild-type rates (32 3 10 À7 mutations/cell division; P ¼ 0.036), as well as an almost complete loss of respiratory competence (Table  2, Table 3 ). However, in conjunction with deletion of APN1 or NTG1, we find a complete rescue of the msh1-G776D Ery R phenotype to wild-type levels (P ¼ 0.83 and 0.19, respectively). In contrast, loss of Ogg1p, which, like Ntg1p, can initiate BER by glycosidic bond cleavage, does not significantly alter the rate conferred by msh1-G776D alone (P ¼ 0.17). Since the activities of Apn1p and Ntg1p appear to be important for the msh1-G776D phenotype, these data are consistent with a model in which Msh1p bound to ATP functions downstream of endonucleolytic cleavage. One prediction of this model is that an excess of Apn1p would create more damage and increase the mitochondrial point mutation rate. Under these experimental conditions, we find that an extra copy of APN1 under a copper-inducible promoter increases the mutation rate relative to the wild-type rate (P ¼ 0.04), but does not affect the mutation rate relative to msh1-G776D alone (P ¼ 0.35).
As with msh1-F105A strains, respiration loss in msh1-G776D strains is not affected by deletion of the BER genes or overexpression of Apn1p (Table 3) . However, the msh1-G776D apn1-D ogg1-D strain has an even more dramatic respiration loss than msh1-G776D alone, and it is difficult to maintain respiring cells, indicating that these proteins do play a partially redundant role in maintaining respiratory competence. With this level of mitochondrial impairment, it is impossible to accurately measure mitochondrial point mutation rates.
Msh1p ATPase activity is epistatic to APN1 or NTG1 deletion: In contrast to the msh1-G776D allele, an R813W substitution in Msh1p presumably allows ATP binding and a binding-dependent conformational change, as in other MutS homologs, but disrupts ATP hydrolysis (Studamire et al. 1999) . Therefore, comparing these mutants should allow us to differentiate between those functions that require ATPase activity and those that require only ATP binding. The msh1-R813W allele confers a 3.5-fold increase in point mutation accumulation compared to wild type, which under the conditions of these experiments is not quite significant (4.2 3 10 À7 mutations/cell division; P ¼ 0.067) ( Table 2) , and an $25% loss of respiration (Table  3) . Unlike the msh1-G776D allele, the rate of Ery R in msh1-R813W strains is not significantly altered by additional deletion of APN1 or NTG1 (P ¼ 0.14 and 0.24, respectively), while deletion of OGG1 results in a 9.7-fold increase over the rate of msh1-R813W alone (41 3 10 À7 mutations/cell division; P , 0.001). As with msh1-F105A and msh1-G776D, respiration loss conferred by the msh1-R813W allele is unaffected by the additional deletion of APN1, NTG1, or OGG1 individually.
Disruption of BER shifts the mutational spectra of mtDNA: An important consideration of these studies is not only the rate of mutation accumulation, but also the mutational spectrum, which can indicate a specific mutational mechanism. Because a different biochemical activity is disrupted in each of the msh1-F105A, msh1-G776D, and msh1-R813W mutants, they may display different mutator effects. To determine the frequencies of mutational events responsible for Ery R with each of the msh1 alleles, the region from 1900 to 2000 of the mitochondrial 21S rRNA gene was sequenced from independently isolated Ery R colonies to determine the types of substitutions that give rise to Ery R in individual colonies. Contained within this 100-bp region is a stretch of four nucleotides whose mutation commonly confers Ery R ( Figure 1A ) (Vanderstraeten et al. 1998; Kalifa and Sia 2007) . All sequenced Ery R clones in this study resulted from mutations in this region. In wildtype Ery R strains, the majority of mutations found are Ato-G transitions and A-to-T transversions at frequencies that are not affected by deletion of APN1 (P ¼ 0.61 and P ¼ 1.0). However, deletion of NTG1 causes a significant shift toward A-to-G transitions as compared to the wildtype strain (P ¼ 0.047) ( Table 4) .
Ogg1p recognizes and excises multiple types of damaged bases from DNA. Its most well-studied substrate is 8-oxo-7,8-dihydroguanine (8-oxo-G), but it acts with similar efficiencies on 7,8-dihydro-8-oxoadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, and 4,6-diamino-5-formamidopyrimidine (FapyA) (van der Kemp et al. 1996; Klungland et al. 1999; Krishnamurthy et al. 2008) . It has been shown that 8-oxo-G mispairs with adenine, and in subsequent rounds of replication, causes a G-to-T transversion (Grollman and Moriya 1993) . We observed a 6% frequency of G to T in our wild-type strains, indicating that, while detectable, it is not a highly represented mutation. We expected that deletion of OGG1 would increase G-to-T events through failure of 8-oxo-G repair. Surprisingly, we found that, in an ogg1-D strain, none of 30 Ery R colonies sequenced contained this mutation. However, 67% of these contained an A-to-G transition, almost double the 34% A-to-G frequency of Ery R colonies in wild-type cells (P ¼ 0.013). These data suggest that G-to-Tsubstitutions do occur and yet are not increased by loss of Ogg1p. Instead, it suggests that, in the mitochondria, Ogg1p preferentially prevents mutations caused by damaged adenine or thymine. On the basis of studies of mtDNA in mammalian systems (Tanakaand Ozawa 1994; Reyes et al. 1998) , we predict that adenine is more likely to be the damaged base. Both FapyA and hypoxanthine lesions have been shown to mispair with cytosine, resulting in A-to-G mutations in subsequent rounds of replication, and these represent significant lesions in mtDNA (Reyes et al. 1998; Tudek 2003) .
Erythromycin resistance in msh1-F105A strains results from A-to-G substitutions in 95% of the mutants sequenced (Table 4) . This mutational spectrum is also significantly shifted toward A-to-G transitions in the msh1-G776D strain (P ¼ 0.048), although not in the msh1-R813W strain (P ¼ 0.77). Using the data presented in Tables 2 and 4 , we can estimate the frequency of each type of base substitution observed. As shown in Figure 1 , B-E, the frequency of mutational changes at adenine residues increases in ogg1-D and msh1 mutant strains. These data indicate that each msh1 allele affects both the rate and the spectrum of mutation differently. In R mutant strains. The spectrum of mutations for each strain was determined by sequencing from independent erythromycin-resistant strains, as described in materials and methods. Graphs represent data from 15 to 50 independent colonies for each strain. The frequency of each type of substitution was estimated by multiplying the fraction of each type by the average frequency of Ery R for each strain.
addition, we find that, when the mutation rates are reduced to wild-type levels in the msh1-G776D apn1-D and msh1-G776D ntg1-D strains, the mutational spectra are indistinguishable from apn1-D and ntg1-D strains with respect to the number of A-to-G substitutions (P ¼ 0.37 and 0.14, respectively).
DISCUSSION
The importance of maintaining the mitochondrial genome for respiratory function cannot be overstated, as is demonstrated by the variety and severity of inherited mitochondrial diseases, as well as the correlation between mtDNA mutation accumulation, ROS production, and aging (Loeb et al. 2005; Kai et al. 2006; Vermulst et al. 2007) . To understand how accumulating mtDNA mutations affect cellular functions over time, we need to elucidate the mechanisms that contribute to mtDNA maintenance. Base excision repair was the earliest confirmed pathway of mtDNA repair, and its presence is particularly intriguing, given the prevalent assumption that mtDNA is highly susceptible to oxidative damage, the main substrate for BER activity.
In the nuclear model of both short-patch and longpatch BER, AP endonuclease cleavage is a required intermediate step following base removal. The similarities between apn1-D and ntg1-D, and their disparity to ogg1-D with respect to point mutation accumulation, suggest that, in the mitochondria, Apn1p and Ntg1p are connected in function while Ogg1p function is at least partially independent. The finding that accumulation of mitochondrial point mutations in the apn1-D ntg1-D ogg1-D strain is similar to that in both the apn1-D ogg1-D and ntg1-D ogg1-D strains further supports the connection between Apn1p and Ntg1p. We hypothesize that Apn1p and Ntg1p form a functional complex in mitochondria. Such an Apn1p-Ntg1p complex may function in a nucleotide incision repair (NIR) role where glycosylase activity is absent and endonucleolytic cleavage initiates repair, while Ogg1p plays no role in this type of repair. The strong mutational shift toward A-to-G transitions in both ogg1-D and ntg1-D strains, but not in apn1-D, however, may suggest that NIR activity is not primarily acting on damaged adenine nucleotides and that Apn1p and Ntg1p activities are not completely interdependent. Unfortunately, the protein components of short-patch BER, long-patch BER, and NIR overlap, making it difficult to separate the contribution of each pathway by genetic analysis.
Msh1p appears to constitute an additional component of the mitochondrial BER pathways. Each of the mutant alleles results in a unique set of phenotypes consistent with multiple roles for Msh1p in BER, as well as with additional roles in genome stability. Previously, we attributed the mutator phenotypes resulting from the msh1-G776D, msh1-R813W, and msh1-F105A alleles to defects in the same Msh1p mechanism (Mookerjee et al. 2005) . However, we observe here that the deleterious effects of these alleles on point mutation are differentially dependent on the activities of BER enzymes. For example, the increased point mutation rates in msh1-G776D mutant strains seem to require functional Apn1p and Ntg1p, presumably due to the normal role of Msh1p in an Apn1p-and Ntg1p-dependent base excision repair pathway. In contrast, point mutation accumulation in msh1-R813W strains is unaffected by deletion of APN1 or NTG1, and the msh1-F105A allele appears defective independently from an Apn1p-and Ntg1p-containing pathway.
These data support a model for Msh1p function in mitochondrial BER in which at least two partially overlapping pathways exist (Figure 2 ). Because disruption of the mismatch recognition/DNA-binding domain in the msh1-F105A allele confers similar phenotypes with regards to point mutation rates and mutational spectra as the deletion of OGG1 does, we propose that Msh1p may aid in the function of Ogg1p through its DNAbinding activity (Figure 2A ). It is possible that Msh1p recognizes a specific DNA aberration and directs Ogg1p to the damaged site or stabilizes an existing association. In Figure 2A , we have depicted the Msh1p substrate as an oxidative lesion opposite a mispair. Such binding is consistent with the known binding specificity of the human MutSa complex (Mazurek et al. 2002; Larson et al. 2003) , but for Msh1p we do not exclude recognition of other lesions. Because deletion of APN1 and NTG1 results in similar phenotypes, we propose that they act in a complex that does not require Msh1p binding to initiate repair ( Figure 2B ) but does require that Msh1p bind ATP to complete the repair ( Figure  2D ). In our model, we have depicted Msh1p bound to a flap intermediate since Msh2p-Msh6p complexes have been demonstrated to bind such structures (Surtees and Alani 2006) . Studamire et al. have shown that the nuclear Msh2p-Msh3p complex is important for singlestrand annealing, presumably by binding flapped DNA structures. This activity is disrupted by a mutation in MSH2 analogous to msh1-G776D but not by the mutation analogous to msh1-R813W. These data suggest that the ability of the Msh2p-Msh3p complex to bind ATP, but not necessarily to hydrolyze it, is necessary for this structure recognition (Studamire et al. 1998) . Our data suggest a similar separation of function for Msh1p, where the mutator phenotype of msh1-R813W is only slightly enhanced while it is dramatically increased in msh1-G776D.
The disparities between the point mutation rates and respiration loss in the msh1 mutants suggest that the participation of Msh1p in BER is likely unrelated to its role in maintaining larger-scale mtDNA stability. Respiration loss is a common marker for the overall stability of the mitochondrial genome. Cells can lose respiration both through accumulation of point mutations in the mitochondrial genome and through large-scale rearrangements and deletions of mtDNA. In fact, such rearrangements, resulting in r À petites, are the primary mechanisms that generate nonrespiring cells in laboratory yeast cultures (Dujon 1981) . The frequency at which these events occur is high and may result in respiration loss in several percentages of cells in a culture after overnight growth. Point mutation rates, which occur on the order of one in 10 7 cells for Ery R , would have to increase to phenomenal levels before they would begin to be observed as increases in respiration loss over this background of r À cells. Consequently, increases in point mutations do not necessarily result in a correlative effect on respiration loss. So, while the mitochondrial point mutations in the msh1-G776D mutant strain can be suppressed by deletion of APN1 or NTG1, the high rate of respiration loss is not similarly reduced. Therefore, the essential function of Msh1p is to stabilize the mitochondrial genome through a broader mechanism than point mutation prevention.
Most of the proteins functioning within the mitochondria are encoded in the nucleus, and many have additional, well-studied roles throughout the cell. This study exemplifies the necessity for examination of mitochondrial-specific roles of proteins that also function elsewhere. We have shown that Apn1p, Ntg1p, and Ogg1p have unexpected mitochondrial phenotypes and that their function is closely tied to the mitochondrial specific protein, Msh1p. We have also demonstrated that Msh1p plays multiple roles in mitochondrial base excision repair but that this function is separate from a broader role in maintaining respiratory competence of the mitochondria.
